The infrared absorption spectra of 19 h ydrocarbons have been m easured in t he 3.4-micron region, and the location of t he t wo CH 2 vibrations has been determined. The vibrat ions occur at 2,854 and 2,927 cm-I for the methylcyclohexane and 2,866 and 2,952 cm-I for the meth ylcyclopentane. For cyclohexene t he wave numbers of the bands are 2,845 and 2,934 cm-I, and for cyclopentene they occur at 2,853 and 2,959 cm-I.
Introduction
Th e infrared absorption spectra of hydrocarbons have been measm ed for the purpose of identification by means of characteristic bands. Al 0 , such data arc useful as a measnre of th e purity of compounds. Th er e have been some inves tigations in narrow r egions of the spectrum, for example from 1 to 2 f.1 , to see if the differ ence in the spectra of various t ypes of hydroearbons wer e sufficient for identification. Liddcl and Kasper [lJ 1 were able to show certain changes in the spectra of groups such as the aromatic and aliphatic compounds in the r egions of 1.1 and 1.7 f.1 . They found that primary, secondary, and t er tiary linkages seemed t o change the position of certain bands. There was some indication in th eir studies that the manner in which the CH2 and CHa groups were arranged could be ascertained from the spectra. Rose [2] measured the absorption of 1 9 hydro carbons in the Ileal' infrared, 9 of low molecular weight (C8 to C10) and 10 of high molecular weight (C24 to Ca2). It was assumed by Rose that each CH, CH2, and CHa group in the molecule would make a fixed contribution to the absorption in a band. By measuring the amount of absorption for a 1 Fi gures in brackets indi cate t he literature referenccs at t he end of t his paper.
A bsorption Spectra of Hydrocarbons given hydro carbon, th e number of groups in each configuration could be determined. Experimentally he found that isomers did no t have the same amount of absorption in the L7-f.1 r egion and that the assumption was no t valid. Although the absorption of the 1.7 -p, band, whi ch is the harmonic of th e CH stret ching vibra tion at 3.4 p" may roughly be consider ed independen t of the molecule as a whole, the position and intensity of this band is somewhat influenced by the structure of th e entire molecule.
Fox and NIartin [3] inves tiga ted the absorption of several hydrocarbons in the r egion of the 3.4 f. 1. They wer e interested in the absorption of t he CH 2 groups in different types of molecules such as benzyl alcohol, dioxane, and cyclohexane. The results showed that the CH2 groups usually give rise to two bands in the 3 .4-f.1 r egion and the CR groups produ ce one band . However, in some molecules, for example dioxane, th er e was an int eraction betwcen groups that gave rise to several bands. Fox and Martin also studied ethylene and showed that the CH2 groups in that molecule had absorption bands in the 3 .4-p, region that were similar t o th e bands of the larger molecules containing CH2 groups. In molecules that have only CH2 groups, the two bands were produced by th e CH valence vibration with the hydrogens in and 37 r~ -----out of phase. In cyclohexane, which has several CH2 groups, the number of bands observed at 3.4 J.l. may be greater than two on account of interactions between the groups. The way in which the CH2 group is linked in the molecule may produce changes in the location of the band. However, the mass of the other part of the molecule has small effect on the position of the two bands of the group. Molecules, which are not hydrocarbons but contain the CH2 group, also have two bands in 3.4-J.l. region. The formaldehyde molecule has vibrations with smaller wave numbers than those found for CH2 groups in hydrocarbons, but in fluorene, (CI3H IO ), the wave numbers for the CH2 groups are larger. This indicates that the binding forces in neighboring 'groups of the molecules have some effect on the vibrations observed in the 3.4-J.l. region.
The results that have just been described do not take into consideration the contribution of harmonic and overtone bands in the region of 3.4 J.l.. By measuring the region from 2 to 4.5 J.l . with good resolution, many bands of low intensity may be observed. The spectrum in this region may be sufficient for identification of the hydrocarbon, because some of the overtone bands will include the long wavelength bands that are commonly used for distinguishing one hydrocarbon from another.
The present investigation is primarily concerned with the absorption spectra of some cyclopentanes and cyclohexanes in the 3.4-IL region. The spectra of cyclopentene, cyclohexene, and some benzene derivatives have been measured for comparison with the other hydrocarbons. Two isomers, cis-1,2-dimethylcyclohexane and trans-1,2-dimethylcyclohexane have been studied in t he region from 2 to 4 IL.
II. Experimental Results
A Perkin-Elmer infrared spectrometer with an LiF prism was used for the resolving instrument. All the substances measured were standard samples of the National Bureau of Standards. Two cells, 0.05 and 0.2 mm in thickness, were used for measuring the liquids. For the region of 3.4 J.l., the hydrocarbons were diluted in CCl4 so that an equivalent cell thickness of 0.0017 mm was obtained. Preliminary experiments showed that this was a suitable thickness of the material for resolving the main components of the band. It
38
was also of importance to check whether any changes were brought about by the measurement of the hydrocarbons in solution rather than in the pure state. In order to make this comparison a small amount of the liquid was put in a cell, and then the cell was tipped so that the liquid formed a film over the inside surfaces of the cell. As the cell was of the closed type, the film did not evaporate rapidly, and the region from 3.3 to 3.6 J.l. could be measured under fairly constant conditions. The cell was only 0.05 mm in thickness, and th e saturated vapor would contribute very little to the total absorption.
In figure 1 , a is shown the absorption bands of diluted methylcyclohexane and in figure 1 , b the absorption bands of a film of liquid methylcyclohexane. The comparison of a film of the liquid with a dilute solution of the same substance was made for several compounds. It was found that the wavelengths of the two major compounds checked in the two cases to better than 0.01 IL.
The spectra of methylcyclohexane and ethylcyclohexane are shown in figure 2. The two main components of the band at 3.415 and 3.508 IL check closely in position for these compounds, but there is a difference in intensity. The region from 2.5 to 2.85 IL is represented by a broken line. On account of the water vapor in the air path and an absorption band in the prism at 2.78 J.l., bands of low intensity could not be accurately measured in this region. The presence of the methyl group in one molecule and the ethyl group in the other molecule produces changes in the spectra of the 2-to 4-IL region. This makes it possible to readily distinguish these two compounds from each other. The wavelengths of the observed bands are given in table 1 . 
Met hylcyclohexane ------ 
'Values de termi ned from observation in 001,. 
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In figure 3 the spectra of two isomers, cisl ,2-dimethylcycloh exane and trans-1 ,2-dimethylcyclohexane are shown. The spectral region from 3.0 to 4.2 M is sufficient to show differences in the combination bands of these materials. However, t h e spectra from 3.35 to 3.55 f.l , curve a, are almost alike. These compounds have been measured [4] with a rock-salt prism from 2 to 15 M , and several of the bands in the 7-to 15-f.l region may be used for identification. With t h e lower resolution of the rock-salt prism in the 3 -f.l region, many of the low intensity bands are not observed. The results obtained with an LiF prism are more accurate in near infrared region.
In figure 4 the comparison of the spectra of methylcyclopentane and ethylcyclopentane is shown. The two OH2 vibrations are well defined at 3.38 and 3.49 f.l , and the vibration with greater wave number h as a greater intensity. The two insert curves, a, from the two compounds are similar. The OH2 vibrations in the cyclopentanes are located at shorter wavelengths than are observed in the cyclohexanes. The change in wavelength, about 0.03 f.l , is sufficient to distinguish between these groups of compounds. The general pattern of th e spectra from 2 to 4.2 f.l is the same for methylcyclopentane and ethylcyclopentane, but a difference in the position of the small bands can be observed. The list of the bands observed for these two compounds is given in table 1.
The spectra of cis-1 ,2-dimethylcyclopentane and trans-1 ,2-dimethylcyclopentane are shown in figure 5. The sp ectra of th e two dimethylcyclop entanes are differ ent from each other and from the methylcyclopentane. The two OH2 bands in the region of 3.4 f.l overlap the two stretching vibrations of the methyl groups, and these bands cannot be resolved as was done in the spectra of the methylcyclohexanes. The two OH2 vibrations have wave numbers of 2,957 and 2,868 cm-1 for the cis compound, and 2,952 and 2,866 cm-1 for the trans compound. The locations of the bands in the 2-to 4-f.l region are listed in table 1.
In figure 6 th e spectra are shown of cyclohexene and cyclop entene. The absorption bands are listed in table 1 . These molecules have one 00 double bond and two OH groups. The OH vibrat ions produce the strong band at 3.26 M in the spectrum of cyclopentene. In figure 7 the 3.4-M 40 region is shown in greater detail, and the OH vibration for cyclohexene falls at 3.30 f.l. The OH2 vibrations of cyclohexene occur at longer wavelengths than the vibrations of cyclopentene. Oyclohexene vapor shows intense bands at 3.42 and 3.52 M. These values correspond closely with the wavelengths observed for the solution. Almost all of the bands observed in the vapor have P, Q, and R branches, and with low resolution it is difficult to determine the center of the band.
In figure 8 a comparison is made of the absorption spectra of methylcyclopentane, trans-1 ,2-dimethylcyclopentane, and cis, cis, trans-1 ,2,4-trimethylcyclopentane. The two main bands at 3.385 and 3.49 M occur nearly in the same position for the three compounds, but the small bands between th ese two become more pronounced as the number of methyl groups increases.
In figure 9 the observations for the 3.4-M region are represented for eight hydrocarbons. The spectrum of isopropylcyclopentane does not show the small bands that are present in isopropylcyclohexane. This is caused by the overlapping of the OH2 bands, which occur at shorter wavelength s in cyclopentanes. The other six hydrocarbons show the contrast between benzene derivatives and cyclohexane derivatives. The three cyclohexanes, n-butyl, sec-butyl, and tertbutyl are much alike in their spectra. The tllTee butyl benzenes show marked contrasts in th eir spectra. The benzenes are less absorbing in this r egion than the cyclohexanes, and it is possible to see th e effect of th e butyl compounds more readily. The band at 3.30 J.l is characteristic of the CH vibration and does not appear in the cycloh exane derivatives. The positions of these bands are listed in table 2.
III. Discussion of Results
The experimental r esults that have b een obtained show that t h e wavelengths of the t wo CHz str etching vibrations ar e influenced by the type of th e molecule in whi ch they are included. For example, in m ethylcyclohexane the two bands arc located with wave numbers 2,854 and 2,927 cm-I , whereas the corresponding band s lor methylcyclopentane have values 2,866 and 2,952 cm -I .
Th ese changes in th e positions of the bands in th e cyclopentanes and cycloh exanes ar c produced by differences in the keletal structm e. Eight cycloh exanes have been m easm ed in the 3,200-cm -I region, and the positions of the t wo band s vary about 4 cm-I or less from each othel'. This is almost within exp erimen tal errol', which is about 2 cm-I . With high er resolution, no doubt, changes in th eir positions could be detected , but with a prism instrum ent it would not be feasib le to u e the e bands as a method of distinguishing one cycloh exan e from anoth er.
Six cyclopen tan es have been measured, and th e values for the two CH 2 vibrations fall at about 2,866 and 2,952 cm-I . Th ere is little variation from these values by any of th e compounds. B ecause of the presence of CH3 groups, there are other bands in the 3.4-).L region. In some cases the CH 3 bands may fall on th e side of the CH2 bands and cause a slight change in their position. The CH2 vibrations in t he cyclohexanes occm at longer wavelengths than in th e cyclopentanes. The CH3 b and s arc not entirely overlapped in methylcycloh exan e and can be observed at 2,952 and 2,872 cln-I .
In addition to CH, CH2, and CH3 stretching vi brations, which occur in the 3.4-).L region, ther e aro combination bands that are lo cated in this region. Twenty-seven bands have been observed in the spectrum of m ethylcyclohexane in the region Absorption Spectra of Hydrocarbons from 2.25 to 4.50 J.l. In the r egion of 3.4 J.l the intense bands probably mask low intensity bands. The classification of the bands in this r egion has been made by the use of the observed wavelengths of the m ethylcyclohexane spectrum [4). The results are tabulated in table 3. Several strong fund am ental band s of m ethylcy clohexane, such as )/6, )/7, )/g, and " 11 wer e found to give combination wave numbers tha t agreed well with observed bands. In each case the experimental value was about 25 cm-I less than the calcula t ed value. B ecause of higher order terms, th e combinat ion bands occur at longer wavelengths than would b e exp ect ed by cons id ering the position of th e band to be the sum of the wave numbers of two fundam ental bands. By th e use of several of th e more inten se bands, it was found that the calculated values would b e in error by about 25 cm -I because of n eglecting th e anharmonicity of the combination bands. In assigning the weak:cr bands th e agreem en t was consider ed good when the calculated values were greater th a n th e observed values by 15 to 35 em -I. The spectra of m ethylcyclopentane and ethylcyclopen tan e contain a numb er of b ands in the 2-to 4-Jl region, but the number is not as gr eat as found for m ethylcyclohexane. Some of th ese bands have b een classified , and the r esults are t abula ted in tables 4 and 5. The wave numbers of t h e fund am ental b ands are t aken from previou s m easurem en ts [4 , 5] . The long wavelength fundam ental b ands ar e no t known, bu t they are usually of low intensity and do no t produce strong b ands in combina tion.
T wo compounds, cyclohexen e and cyclopenten e, cont ain CH2 groups and have a sk eletal structure similar to that of th e cyclohexan es and cyclo- p en tanes r espectively. The observed sp ectra show three strong b ands with several weaker bands for each substan ce. In the sp ectrum of cyclohexen e the band at 3,035 cm -I arises from th e CH vibration, an d th e corresponding vibration in cyclopentene is at 3,067 cm -I • The CH 2 vibrations are somewhat modified by th e CC double bond. The two bands ar e obser ved a t 2,845 and 2,934 cm -I in cyclohexen e and 2,853 and 2,959 cm -1 in cyclopen ten e. The t wo componen ts of the CH2 vibrations of cyclohexen e are separated by 89 cm -I , and the separa tion is 73 cm -I for th e two bands in th e cyclohexanes. The separa tion for the corresponding bands in cyclopenten e and the cyclopentanes is 107 and 87 cm -I , r espectively. The posit ion of th e CH 2 vibrations is dep enden t ·1 on t h e sk eletal structure of th e molecule. This can b e seen more readily by comparing CH 2 b ands in other compounds that h ave differ en t molecular structures. The compounds included in addition t o those reported in this p ap er are formaldehy de . The an tisymmetrical vibration of th e CH 2 group , occurr ing when th e t wo hy drogens are out of phase, h as a larger wave numb er for all these compounds. In table 6 is given th e value for th e t wo CH 2 b ands of th ese substances and the differen ce in wave numbers b etween the two mo des of vibration of each substance. F rom this t able it is seen th at th e vibraJourna l of Research tions of the CH2 groups are not fixed valu e but vary with th e type of the mplecule.
In n-butylbenzene the three CH2 group have bands at 3.42 J. L and 3.50 J.L, ,\thich are close to the positions for the bands in n -butylcyclohexane. These two bands become of low intensity in the speetrum of sec-butylbenzene. The band at 3.30 J. L is produced by the CH vibration of the benzene ring. This band checks closely in position with the CH band in cyclohexene. Many of these compounds that have been studied in the 3.4-J.L r egion have been m easured previously in the r egion of 1.15 and 1. 7 p. by Lidell and Kasper [1] and by Rose [2] . The fundamental band and the harmonics should b e related by the equation Jln = Jlon(l + nx), where n is the number of the harmonic and x is the anharmonic correction factor. It was found that considerable differences in the value of Jl o and x, were obtained, depending on whi ch two of the observed bands were used in the equation. The discrepancy in the constants was produced by experimental error in the obser- with the high resolution of LiF prism, this region is the best suited for th e observation of t he CH2 valence vibrations.
Fox and Martin [3] used a gmting spectrometer, with good resolving power, to investigate a group of hydrocarbons in the 3.4-p. r egion. Cyclopentene and some of the cyclohexanes were included in th eir work, and the po ition of the bands observed by us check to 0.01 J.L 01' better with their values. The present work includes a wider region of t he spectrum than that used by previous authors. For ten of the hydrocarbons, the region from 2 to 4 p. has b ec n included in order to show that many comb ination bands overlap the 3.4-J.L region. Consequently, the intensities of fundamental bands could not be used for quantitative determinatio n of the number of CH, CH2, and CH3 groups. By reducing the temperature of the samples, the band widths can be decreased and the chance of overlapping by combination bands b ecomes less likely. The cooling m ethod offers some promise of provid ing a new teehnique for quantitative analysis in the r egion of the fundamental vibration.
In co nclusion it should be pointed out that the region from 7 to 15 J.Li better suited for infrared analysis than the detailed sLudy of the 3.4 -J.L region. However , the mea.suremen t of the CH2 vibrations in diffe['ent molecules r eveals the prese nce of different forc e constants for the various types of skeletal structures. Curve a, M ethylcyclohexane diluted in CCT, with an equivalent cell thickness of 0.0017 mm; b, the infrared absorption spectrum of methylcyclohexane for a liquid film on rock-salt windows. The rell thicknesses for tbe liquids were 0.05 and 0.2 mm. Insert (a) represents tbe spectra when thc substance is diluted in CCl!. The equivalent cell tbick· ness was 0.0017 mm. The cell thicknesses are the same as t hose in figure 2. 
Journal of Research

